In plant metabolism glycerol phosphate must be produced for the synthesis of various phospholipids, sulfolipids, galactolipids, and triglycerides. The metabolic reaction in leaf tissue of higher plants for glycerol phosphate synthesis is catalyzed by a DHAP2 reductase which has been partially purified from spinach leaves and castor bean endosperm, and which catalyzes the reduction of DHAP at pH 7.0 using NADH as the reductant (6, 17 No. 12290. 2Abbreviations: DHAP, dihydroxyacetone phosphate; ME, mercaptoethanol; PVPP, polyvinylpolypyrrolidone. metabolism must be highly controlled, as is expected of compounds and enzymes at metabolic branch points.
(NH4)2S04 fraction and the two forms were separated by chromatography on either DEAE cellulose or Sephacryl S-200. About 80% of the reductase was one form in the chloroplast and the rest was a second form in the cytosol as determined by chromatography and by fractionation of subcellular organelles. The amount of activity detectable in the chloroplast fraction was 10.7 micromoles of dihydroxyacetone phosphate reductase per hour per milligram chlorophyll from spinach leaves and 4.9 from pea leaves. The chloroplast form eluted first from DEAE cellulose and, being smaller, it eluted second from Sephacryl S-200. Activity of the chloroplast form was stimulated 3-to 5-fold by the addition of 1 millimolar dithiothreitol or 50 microgram reduced Escherichia coli thioredoxin or 4 micrograms spinach thioredoxin to the assay mixture. This stimulation was not observed with monothiols. Activity of the cytosolic form was not affected by either reduced thioredoxin or dithiothreitol.
In plant metabolism glycerol phosphate must be produced for the synthesis of various phospholipids, sulfolipids, galactolipids, and triglycerides. The metabolic reaction in leaf tissue of higher plants for glycerol phosphate synthesis is catalyzed by a DHAP2 reductase which has been partially purified from spinach leaves and castor bean endosperm, and which catalyzes the reduction of DHAP at pH 7.0 using NADH as the reductant (6, 17) . In the reverse reaction the enzyme nomenclature lists it as a sn-glycerol phosphate:NAD oxidoreductase or dehydrogenase (EC 1.1.1.8).
Because the activity as a dehydrogenase requires a pH of around 9.5 and very high substrate concentrations, no physiological significance is attached to the dehydrogenase activity and the enzyme will be referred to as DHAP reductase.
DHAP is a central compound for several metabolic pathways. It can be converted in the chloroplast by the C3 photosynthetic carbon cycle to hexoses for starch synthesis or for regeneration of ribulose bisphosphate. DHAP is the transport component of the triose phosphate shuttle out of the chloroplast to the cytosol. In the cytosol it can be converted to hexoses, sucrose, and cell wall constituents or oxidized by glycolysis to pyruvate. In both the chloroplast and cytosol, DHAP can be reduced to glycerol phosphate by the two DHAP reductases described in this paper No. 12290. 2Abbreviations: DHAP, dihydroxyacetone phosphate; ME, mercaptoethanol; PVPP, polyvinylpolypyrrolidone. metabolism must be highly controlled, as is expected of compounds and enzymes at metabolic branch points.
A number of free living algae produce glycerol as a major product of photosynthesis rather than accumulate starch or sucrose. Zooxanthellae, symbiotic, unicellular algae in the polyps of reef building corals and other marine invertebrates, excrete to their host up to 40% of their photosynthate as glycerol (14, 15 (22) , were incubated with 1 mm DTT for 10 min at room temperature and then centrifuged through Sephadex G 25 in a Biorad econo-column containing 3 ml of resin. The thioredoxin, separated from DTT by this rapid method, was immediately incubated with the enzyme for 10 min before assaying for DHAP reductase. Sodium dithionite (1 mM) could also be used to reduce thioredoxin but glutathione, cysteine, and mercaptoethanol could not serve as reducing agents. The endogenous reaction rate was observed for 2 min before DHAP was added and the reaction rate was then recorded for 8 min. A modified Lowry method (2) was used to determine protein concentration with BSA used as a standard. Chl was measured as described by Arnon (1).
RESULTS
Survey and Isolation Procedure. As reported previously (17) significant levels of DHAP reductase activity could not be detected in leafhomogenates or in undialyzed (NH4)2SO4 fractions. However, DHAP reductase activity could be measured in the dialyzed fraction obtained after precipitation between 35 to 70% saturated (NH4)2S04 from leaf homogenates of the plants tested (Table I ). The necessity for dialysis was due in part to (NH4)2SO4 inhibition of the enzyme and to other dialyzable inhibitory materials which precipitated with the enzyme but which have not been characterized. Part of the differences in the specific activity shown in Table I is related to different amounts of other protein present in this fraction. The Tris-ascorbate homogenizing medium with mercaptoethanol and PVPP usually gave a much more active enzyme preparation than did the phosphate buffer previously used (17) (Table I) . Therefore, the Tris-ascorbate buffer was adopted as the homogenizing buffer for further experiments. Using the isolation procedure outlined in "Materials and Methods" the enzyme was partially purified by a 35 to 70% saturated ammonium sulfate fractionation followed by chromatography on either a Sephacryl S-200 column or a DE52 anion exchange column. This procedure resulted in the isolation oftwo DHAP reductases which had not been achieved before (4, 6, 9, 17) .
The enzyme elution profile based on ionic charge differences during DEAE cellulose chromatography of the dialyzed 35 to 70% (NH4)2S04 fraction from spinach leaves had two peaks of DHAP reductase activity designated peak I and peak II (Fig. 1) . Table I . A Surveyfor DHAP Reductase The leaves (10 g) were homogenized in 50 ml of a buffer of 100 mm phosphate (pH 7) and 10 mM mercaptoethanol (17) or in a buffer of 100 mM Tris (pH 7.0), 20 mM ascorbate, 10 mm mercaptoethanol, and 5 g PVPP/100 g leaf. Activity was assayed on the 35 to 70% saturated ammonium sulfate fraction after dialysis of a 10 ml sample overnight against three changes of 1 L each of a 10 mm Tris and a 10 mm ME buffer (pH 7). Assays Figure 1 was obtained using a 10 mm Tris/ME buffer with a 0 to 0.5 M KCI linear gradient. Tris/ME at 10 mm concentration was chosen for elution of the DEAE cellulose, since higher concentrations permitted some protein and enzyme activity to come through the column with the void volume.
The elution profile based on size during Sephacryl S-200 chromatography ofthe undialyzed 35 to 70% (NH4)2S04 fraction from spinach leaves also had a large and small peak of activity as shown in Figure 2 . To be consistent with peak numbering from the DEAE column, the large peak with the smaller mol wt is designated as I (from the chloroplasts) and the small peak with a larger mol wt is form II (from the cytosol). Chromatography ofthe fraction obtained between 35 to 70% (NH4)2S04 saturation from pea, soybean, and corn all gave elution profiles from Sephacryl S-200 similar to the spinach profile shown in Figure   2 . Effect of pH on Reductase and Dehydrogenase Activities of the Chloroplastic and Cytosolic Enzymes. The chloroplastic DHAP reductase activity had a pH optimum at about 6.9 whereas the cytosolic form exhibited a double peak between about 6.8 to 7.2 (Fig. 3) . The reason for the double peak is unknown but was replicable. The reductase activity was measured with 0.2 mM DHAP as substrate, which is close to the physiological concentration of 0. (19) was used to isolate whole chloroplasts from spinach and pea leaf homogenates by rapid centrifugation. This procedure was followed by differential centrifugation to yield thylakoids (broken chloroplasts and membranes), mitochondria plus peroxisomes, microsomes, and cytosol. No detectable DHAP activity could be found in any of these cellular components until they were solubilized, fractionated using (NH4)2SO4, and then dialyzed. DHAP reductase activity was (Table II) .
No enzyme activity was observed in the mitochondria plus peroxisome fraction or in the microsomes. From Chl analyses of both pea and spinach it was determined that about one-third of the chloroplasts were isolated in the whole chloroplast fraction. To estimate total DHAP reductase in the chloroplasts, if all of them had been intact, the activity in the chloroplast fraction from spinach (1560) was multiplied by 100/33 or a total of 4727 nmol/min. The amount (3771 nmol/min) measured in the cytosol included DHAP reductase from two-thirds of the chloroplasts (3167 nmol/min) which had been broken minus the activity still entrapped in the broken chloroplasts or thylakoids (950 nmol/min). Thus, the cytosolic form of DHAP reductase was 1554 nmol/min. These calculations indicated that the distribution of total DHAP reductase activity in the chloroplast fraction was 75% for spinach and 70% for pea leaves, while in the cytosol there was 25% for spinach and 30% for peas of the total activity. From chromatographic analyses it was observed that peak I (chloroplastic form) contained 83% ofthe total DHAP reductase activity from a DEAE column and 78% from the Sephacryl S-200 column. The remainder was in peak II (cytosolic form). An approximate average value from these analysis indicates that the total DHAP reductase was distributed about 75 to 80% in the chloroplastic form and 20 to 25% in the cytosolic form. A similar distribution was found for DHAP reductase in young and mature leaves from both spinach and peas. Exact enzyme specific activity per g of leaf, mg Chl, or mg protein could not be measured directly because the activity could only be detected after dialysis of the fraction obtained between 35 to 70% (NH4)2SO4 saturation of the leaf homogenate. Loss of activity during fractionation and the presence of inhibitors resulted in underestimation of total enzyme activity. However, for spinach or pea leaves the activity detectable in a whole chloroplast fraction after addition of 1 mM DTT to the above dialyzed fraction was 10.7 Mmol of DHAP reductase/h-mg Chl and for pea leaves 4.9 Mmol of DHAP reductase/h * mg Chl. To establish that peak I, which had the larger amount of DHAP reductase activity, was the chloroplastic form, intact chloroplasts isolated by the method ofWalker (19) were disrupted by osmotic shock and the solubilized protein was fractionated by saturation between 35 and 70% with (NH4)2SO4. This chloroplast protein fraction was then dialyzed overnight against three changes of 1 L of 10 mM Tris/ME buffer and the dialysate chromatographed on DEAE cellulose (Fig. 4) . Only peak I was present; there was none of the cytosolic peak II.
The two DHAP reductases had different stabilities during isolation and storage. 4 . DEAE cellulose separation of dihydroxyacetone phosphate reductase from isolated spinach chloroplast. Intact isolated chloroplasts were broken by resuspension in one-tenth dilution of the homogenizing buffer described by Walker (19) . After centrifugation, the broken chloroplasts were washed with the same dilute buffer, both solutions were combined, and DHAP reductase concentrated by fractionation with 35 to 70% (NH4)2SO4 saturation.
The dialyzed sample was chromatographed on DEAE cellulose as described in Figure 1 .
Volume (ml) between 35 and 70% with (NH4)SO4 was chromatographed on Sephacryl S-200 and stored in 2 M glycerol at -1 5C, 90% of the original chloroplast enzyme was still active after 6 months and the cytosolic form showed 90% of the original activity after 4 months at -15C. When the same ammonium sulfate fraction was taken up in a minimum volume of Tris/ME buffer and stored at -15C for 3 weeks before chromatography on Sephacryl S-200, only 30% of the original chloroplast enzyme was active whereas 80% of the cytosolic enzyme activity remained. Storage of the fraction obtained between 35 and 70% (NH4)2SO4 saturation either before or after chromatography on Sephacryl S-200 changed the ratio ofchloroplastic and cytosolic enzyme activities.
Stimulation ofChloroplastic Dihydroxyacetone Phosphate Reductase Activity by Dithiothreitol or Thioredoxin. The addition of 1 mm DTT or thioredoxin in the assay enhanced DHAP reductase activity 3-to 10-fold in the dialyzed 35 to 70% saturated (NH4)2SO4 fraction from leaf homogenates, a whole chloroplast fraction or from peak I from either chromatographic procedure. Enhancement of activity with increasing DTT concentration is shown in Table III . DTT stimulation occurred even though the enzyme had been prepared throughout in solutions containing 10 mm mercaptoethanol (Table I ). Other thio compounds did not enhance DHAP reductase activity (Table III) . Essentially, no DTT or thioredoxin stimulation was observed with the cytosolic form of the enzyme from either spinach or soybean leaves.
Oxidized thioredoxin did not stimulate the chloroplastic DHAP reductase, and when DTT was added to thioredoxin to reduce it, the mixture did not enhance enzyme activity above that observed with DTT alone. To show thioredoxin stimulation of DHAP reductase, it was necessary first to reduce the thioredoxin with DTT or sodium dithionite. Reduced thioredoxin stimulated the spinach chloroplast enzyme about 5-fold and the soybean chloroplast enzyme 3-fold (Table IV) . When stimulation by a mixture of spinach f and m thioredoxin was compared to In our first investigation of DHAP reductase from spinach leaves (17) only one form of the enzyme was noted after chromatography of the dialyzed 35 to 70% saturated (NH4)2SO4 fraction. This fraction had the elution profile of the chloroplast form. However, with an improved homogenizing medium and more total activity, a smaller component, the cytosolic form, has been found in significant amounts from all the leaves examined.
In general, about 20 to 25% of the total DHAP reductase was in this cytosolic form and the rest in the chloroplast. The chloroplast form has a smaller mol wt (elutes secondly from Sephacryl S-200) but is more charged (elutes at higher ionic strength from DEAE column) than the cytosolic form. DTT and reduced thioredoxin stimulate the chloroplastic form but not the cytosolic form. DTT and thioredoxin regulation of enzymes in chloroplasts is well recognized (22) whereas different mechanisms may be involved in regulation of cytosolic enzymes. It seems reasonable to presume that the glycerol phosphate produced from the DHAP reductase reaction is so essential for lipid synthesis that both a chloroplastic pool and a cytosolic pool are produced by the two DHAP reductases. Consequently, control over glycerol phosphate production in the cell, other than the chloroplast, would depend in part on the triose phosphate shuttle and glycolysis rather than on a glycerol phosphate transporter from the chloroplast. Other factors are also involved in the differential regulation ofthese two DHAP reductase forms (our unpublished data).
Only one form of DHAP reductase has been reported from (21) , mammalian liver (16), insects (3), and E. coli. (12) contained multiple forms of this enzyme as well. In both rat and mouse liver one form was shown to be in the peroxisomes (7) .
According to enzyme nomenclature rules, the enzymes we have examined in this study have been numbered as NAD linked glycerol phosphate oxidoreductases or dehydrogenases (EC 1.1.1.8). However, the dehydrogenase activity was nearly nonexistent at pH 9.5 (the optimum) with 10 times higher substrate concentrations than required for the reductase activity. The reductase assay was run with 0.2 mM DHAP and 0.1 mM NADH. The reverse reaction or dehydrogenase activity could only be measured at pH 9.5 with extremely high concentrations of 20 mM glycerol phosphate and 2.5 mm NAD. These conditions do not occur physiologically. There are no reports on the glycerol phosphate pool size in leaves, but many chromatographic examinations of 14C labeled products of leaves have never found a significant amount of this ester to be present. The DHAP pool size is about 100 ,AM (18) , but the glycerol phosphate must be much less. Thus, there is no evidence that there is sufficient glycerol phosphate in leaves for DHAP reductase to ever function as a dehydrogenase. Even at near V. the ratio of 10 to 1 for the reductase to dehydrogenase activity is unusually high (Fig.  3) . This ratio for other dehydrogenases such as malate, lactate, or glycerate dehydrogenases is generally about 4 to 1. It seems likely that this enzyme physiologically can only catalyze the reduction of DHAP and for these reasons we have called it a DHAP reductase. Under such circumstances the reverse or dehydrogenase reaction can be expected to be catalyzed by different enzymes in different cellular locations. The mitochondrial flavin linked glycerol phosphate dehydrogenase (EC 1.1.99.5) from microorganisms or animal tissue transfers electrons to the cytochrome system for generating a sufficient H+ gradient to synthesize two ATP. This dehydrogenase in plant tissues has not been characterized. It was detected in (bean) endosperm tissue, but in the same investigation the DHAP reductase was not noted in leaf homogenates probably because of inhibitors (10) . Glycerol phosphate may also be oxidized to DHAP by an oxidase located in plant peroxisomes (8) . In Dunaliella tertiolecta, which produces much glyercol as an osmoticum, the reversal is apparently accomplished by a different pathway with a glycerol dehydrogenase plus a dihydroxyacetone kinase (4, 9) .
Randall and his colleagues have recently reported (13) on a glyoxylate reductase in spinach leaves which has some of the properties of the DHAP reductase reported in the present study.
DEAE cellulose chromatographic separates the glyoxylate reductase activity from both DHAP reductases reported here (data not shown). These are, therefore, completely different enzymes.
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